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Abstract 
We study the electronic, mechanical and optical properties of the monolayer PdS2, PdSe2 and 
PtSe2 under mechanical strains of various magnitudes and directions. It is found that the band 
structures of these materials are more sensitive to biaxial strains. Moreover, the Young’s 
modulus of all three materials are calculated in the a and b directions. Simulation results show 
the Young’s modulus of monolayer PdS2, PdSe2 and PtSe2 are 116.4 GPa, 58.5 GPa and 115.9 GPa in 
the a direction and 166.5 GPa, 123.6 GPa and 117.7 GPa in the b direction. We analyze the peak 
shift of the real () and imaginary () parts of the complex dielectric constants for these 
three materials. We found that the peak of the complex dielectric constant red-shifts towards 
lower energy and (0)  monotonously increase with the compressive and tensile strains 
increase. Among these three materials, PdS2 exhibits excellent electronic and optical 
tunability under tensile strains, for example the peak wavelength of the imaginary dielectric 
constant can be adjusted from 2 eV to 1 eV when the strain varies from 0% to 10%, leading 
to approximately 5% red-shift in wavelength per 1% mechanical tensile strain. The results 
indicate that these monolayer materials will have potential applications in tunable 
nanoelectromechanical devices. 
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1 Introduction 
The traditional transition-metal dichalcogenides (TMDs) semiconductors have generated 
great research interests thank to their superior electronic, optical, mechanical and catalytic 
properties1-9. For example, they exhibit a direct bandgap  between 1.1 eV and 2.0 eV at the K 
point10-12, strong photoluminescence and piezoelectric effects10, 13-15 and offer of full optical 
control of the valley and spin occupation16-19. These material properties will bring much 
benefit in applying them to many devices and systems such as strain sensors20, high speed 
photodetection21, and transistor device22. The traditional TMDs were extensively investigated 
both in theory and experiment in the past3, 20, 23-26.  
The pioneering studies demonstrated that traditional TMDs have been mainly focused on the 
semiconducting with each transition metal atom bind to six S or Se atoms12. Recently, it was 
theoretically and experimentally demonstrated that some noble metals can also form layered 
structures with S or Se atoms, such as PdS2, PdSe2 and PtSe2
27-29
. In PdS2 and PdSe2, each Pd 
atom can bond to four S or Se atoms, respectively. In PtSe2, the unit cell consists of one Pt 
and two Se atoms. These novel structures lead to the formation of some important properties 
distinguished from the traditional TMDs, such as more air stability, high electron mobility, 
enhanced thermoelectric properties, superconductivity and so on28, 30-32. Many previous 
studies have shown that it is one of effective ways to adjust the properties of TMDs using 
mechanical strains12, 23-26. A few research groups have heoretically demonstrated the 
electrical and optical properties of monolayer PdS2, PdSe2 and PtSe2
33-38
. Although there 
have been tremendous theoretical efforts reported, there is a lack of a detailed analysis of full 
electrical, optical and mechanical properties change of monolayer PdS2, PdSe2 and PtSe2 
under strains in different magnitudes and directions. In our work, we found that the effect of 
biaxial strains on tunable electronic and optical properties of these materials are more 
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significant than uniaxial strains. Among these three monolayer materials, the monolayer PdS2 
exhibits excellent electronic and optical tunability under tensile strains. 
The design of novel and high-performance devices requires a thorough understanding of 
underlying materials properties such as mechanical, electrical, and optical properties, which 
can be done through state-of-art first principles methods. We have used the first principles 
method to gain in-depth and full understanding of these three emerging monolayer materials 
in terms of their mechanical, electronic and optical properties, from which some new results 
have been obtained and presented in the manuscript. In this paper, we simulate the electronic, 
mechanical and optical properties of monolayer PdS2, PdSe2 and PtSe2 under a deformation 
range from -10% (compressive strain) to +10% (tensile strain) with variations in direction 
and magnitude using the first-principles method. This method has been applied in previous 
studies on many traditional TMDs23-26. Our target is to theoretically investigate the change of 
band structures, Young’s modulus, and the complex dielectric constant under different strains. 
Section 2 describes the modelling and computational method in our simulations, section 3 
details the simulation results and theoretical analysis of the electronic, mechanical and optical 
proprieties under different strains.  
 
2 Simulation procedure 
Three monolayer materials named as PdS2, PdSe2 and PtSe2 have been investigated using the 
Atomistix ToolKit (ATK)39. For convenience, we refer to these materials as the TW2 (T, 
transition-metal atom; W, chalcogen atom) type. Then, the lattice constants and key bond 
angles/lengths are shown in the Table S1 (in the Supporting Information). In the Figure 1, the 
TW2 are composed by stacking of two-dimensional (2D) W-T-W sheets. The unit cells (red 
solid line) are indicated in the Figure 1. Although, there are several possible geometries 
(arrangements of atoms) for PdS2, PdSe2, and PtSe2 2D materials. First, we simulated similar 
geometries for these three materials for the purpose of comparison. The TMD 2D materials, 
especially PdSe2 and PdS2, have unique anisotropy structures, which enable the properties of 
these materials to be sensitive to the different geometries. Second, it was reported in previous 
literatures that the geometry we choose to simulate is more stable than other geometries40-41.  
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Figure 1. Schematic graphs of the 2D TW2 type cells. The a and b lattice vectors are shown. The unit cells (red 
solid line) are indicated. 
The band structures are calculated based on the density functional theory (DFT) with ATK 
software. The simulation configuration is similar to what was described in our previous work, 
with the key parameters such as mesh cut-off energy of 75 Hartree and 15×15×1 k-points 
grid used in the relaxation calculations. Shown in the Figure 2(a) and (b), we applied the 
asymmetrical biaxial strains along the a () and b (	) directions on the orthorhombic cell 
(PdS2 and PdSe2) and the symmetrical biaxial strains on the hexagonal cell (PtSe2). The 
magnitude of deformation is defined as: ∆  (  )/, where a0 and a are the lattice 
parameters of the unstrained and strained cells, respectively. Although it was stated that the 
PBE exchange correlation functional leads to a smaller value of the band gap, this paper 
focuses on the evolvement of the band structures of those monolayers under different strains. 
We mainly study the trend of the CBM, VBM and band gap change under mechanical strains 
of various magnitudes and directions. Therefore, how the strains affect the band structures 
change is the most important in this work. Moreover, it should not be a general statement to 
say the PBE method underestimates the band gap, which often depends on the material and 
system considered. Using the PBE exchange, we show that the band gap of monolayer PdS2, 
PdSe2 and PtSe2 are 1.00 eV, 1.31 eV and 1.12 eV, which are very close to recent DFT 
calculations28, 30, 42-43. Hence it should be an appropriate option to use DFT-GGA for the 
Therefore, we believe that our choice of using the DFT-GGA (generalized gradient 
approximation) for the TW2 materials. 
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Figure 2. (a) Asymmetrical biaxial deformation along both a () and b (	) directions on the orthorhombic cell. 
(b) Symmetrical biaxial deformation  on the hexagonal cell. 
3 Simulation results and discussion 
3.1 Electronic properties 
We calculated band structures of the Brillouin zone of high symmetry points for various 
magnitudes of symmetrical biaxial strains along a and b directions on the monolayer PdS2, 
PdSe2 and PtSe2 cells, as shown in Figure 3. The thick black lines in Figure 3 are the bands 
when zero strain is applied. The bands with various colors represent the bands under different 
strains. Figure 3(a) and (b) show the monolayer PdS2 bands evolving with the applied 
compressive and tensile strains, respectively. In the strain-free state, the monolayer PdS2 is 
indirect bandgap semiconductor with the conduction band minimum (CBM) and valence 
band maximum (VBM) at S and G point, respectively. Upon increasing the compressive 
strain (<0), the CBM increases and the VBM decreases. The CBM shifts from the S point to 
a point between Y and S under deformations from -4% to -10%. However, the VBM moves 
from the G point to a point between X and G under deformations from -2% to -10%. On 
contrast, increasing the tensile strains (>0), the CBM decreases and the VBM increases. 
Both the CBM and VBM are maintained at the S and G point. Eventually, the CBM and 
VBM cross the 0 eV for deformation of about 8%. Figure 3(c) and (d) show the monolayer 
PdSe2 band evolving with the applied compressive and tensile strains, respectively. In the 
strain-free state, the monolayer PdSe2 is an indirect band gap semiconductor with the CBM 
and VBM at a point between X and G. The CBM decreases and the VBM increases upon the 
compressive and tensile strains. The VBM is shifted from a point between X and G to a point 
between G and Y when the compressive deformation from -2% to -10%. However, under the 
tensile strains, The CBM is shifted from a point between X and G to the S point when the 
tensile deformation from 4% to 10%. While the VBM is shifted from a point between X and 
G to G point after 8% tensile deformation. Figure 3(e) and (f) show the monolayer PtSe2 band 
evolving along symmetrical biaxial compressive and tensile strains, respectively. In strain-
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free state, the monolayer PtSe2 is an indirect band gap semiconductor with the CBM and 
VBM at a point between G and M and G point, respectively. Upon increasing the 
compressive strains, the VBM remains at the G point, while the CBM moves from a point 
between G and M to a point between K and G when the compressive deformation reaches -
2%. Eventually, the CBM and VBM cross the 0 eV for compressive deformation of about -
8%. However, under the tensile strains, the VBM moves from the G point to a point between 
K and G after 2% tensile deformation.  
 
Figure 3. The band structures of the monolayer PdS2 (a, b), PdSe2 (c, d) and PtSe2 (e, f) with symmetrical biaxial 
compressive and tensile strains. 
The directional dependence on the strain induced CBM, VBM, and band gap variations of the 
orthorhombic cells has been studied according to the procedure described in our previous 
work44. Figure 4 and Figure 5 show the evolution of the CBM, VBM and band gap with the 
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biaxial strains along the both a and b directions on the monolayer PdS2 and PdSe2, 
respectively. Here, we only exhibit the CBM, VBM and band gap in the deformation with a 
and b ranging from 0 to 10%.  
The calculated results of the CBM, VBM and bandgap of the PdS2 for the compressive 
strains are shown in Figure 4(a, c and e). The common feature in these results is that it is not 
a monotonous change of the CBM, VBM and bandgap under the uniaxial compressive strains. 
Besides, we can also see that the minimum of the CBM occurs when no strain is applied and 
the maximum of the VBM is on the largest deformation with a and b directions. However, 
the maximum of the bandgap appears when the biaxial deformation is approximately 4% in a 
direction and 8% in b direction, which is different with the previous studies34-35. The 
difference in the strain values corresponding to the maximum bandgap from the reference34 is 
due to that only tensile strains are considered in reference34, however the strain values (4% in 
a direction and 8% in b direction) corresponding to the maximum of the bandgap in this work 
appear at compressive strains. Under the compressive strains, the reference35 only considered 
the monolayer PdS2 hexagonal cell under the symmetrical biaxial strains, which does not 
have the anisotropic property like orthorhombic cell (our paper), which leads to the difference 
in the strain values corresponding to the maximum of the bandgap. Figure 4(b, d and f) show 
the change of the CBM, VBM and bandgap for the tensile strains. The common feature in 
these results is the linear change for both a and b directions. The CBM and bandgap linearly 
decrease, while the VBM linearly increases. The minimum of the CBM is on the largest 
deformation state, while the maximum of the VBM and bandgap are on the largest 
deformation and the strain-free state respectively. Obviously, the symmetrical biaxial strains 
are more effective than the uniaxial strains in change the bandgap. 
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Figure 4. CBM, VBM and bandgap for the monolayer PdS2 with compressive (a, c and e) and tensile (b, d and f) 
strains, respectively. 
Figure 5 shows the changes of the CBM, VBM and bandgap for the monolayer PdSe2 under 
different strains. The common aspect in these results is that a monotonous change for strains 
in a and b directions. The CBM and bandgap decrease with increasing strains, while the 
VBM increases. The minimum of the CBM is on the largest deformation, while the 
maximum of the VBM and bandgap are on the largest deformation and strain-free state 
respectively. The changes of the CBM, VBM and bandgap under uniaxial a or b direction 
strains is weaker than symmetrical biaxial strains.  
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Figure 5. CBM, VBM and bandgap for the monolayer PdSe2 with compressive (a, c and e) and tensile (b, d and f) 
strains, respectively. 
In the following, we analyze the impact of biaxial symmetrical strains on the monolayer 
PtSe2, and results are in Figure 6. It shows that the CBM and bandgap firstly increase and 
then decrease from compressive to tensile deformations. However, the change of the VBM is 
the opposite to that of the CBM and bandgap. The extreme points of the CBM, VBM and 
bandgap are at about 2% tensile deformation, which is a good agreement with previously 
reported results30, 33. Among these three materials, PdS2 exhibits excellent electronic 
tunability under tensile strains because it displays a steady evolution of the CBM, VBM and 
bandgap under tensile strains (Figures 4b, 4d and 4f). 
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Figure 6. CBM, VBM and bandgap for the monolayer PdSe2 under the biaxial symmetrical strains. 
To gain more physical insights on the evolution of band structures of monolayer TW2 with 
strains, the bands of monolayer TW2 is resolved for the d, p and s orbitals in Figure 7. The 
conduction band minimum (CBM) and valence band maximum (VBM) have the contribution 
mainly from the d and p orbitals. The VBM is mainly contributed by the pz and py orbital of X 
atom, while the CBM is mainly contributed by M (dxy & dzy) and X (pz & py). These different 
of orbitals coupling lead to the VBM and CBM exhibit different response behaviors to 
external strain 
34, 35
. The common feature in these materials is that the d and p orbital 
coupling is primarily composed the bands near the Fermi energy.  The bandgap is determined 
by the d and p orbital coupling. Application of compressive strain increases the d and p 
orbital coupling. While the coupling between the d and p orbital is weaker under the tensile 
strain. Figure 7(b), (e) and (h) show the PDOS of the monolayer PdS2, PdSe2 and PtSe2 under 
the strain-free state. Under the compressive strains (Figure 7(a), (d) and (g)), the stronger d 
and p orbital coupling near the VBM for PdS2 and PdSe2, near the CBM for PdS2 and PtSe2. 
However, under the tensile strains (Figure 7(c), (f) and (i)), the d and p orbital coupling 
becomes weaker near VBM and CBM of the monolayer PdS2, PdSe2 and PtSe2. The above 
results signify that the mechanical strain plays a distinct role for band structures and 
modulate the electrical property of the monolayer PdS2, PdSe2 and PtSe2.  
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Figure 7. The PDOS of the monolayer PdS2 (a)-(c), PdSe2 (d)-(f), and PtSe2 (g)-(i) under the symmetrical 
biaxial strains of -4% (a, d, and g), 0 (b, e and h) and 4% (c, f and i). 
3.2 Mechanical properties 
Shown in Figure 8, the spatial distribution of the charge density for the single layer PdS2, 
PdSe2 and PtSe2 unit cells at the zero strain has been simulated with the DFT software and 
the results are displayed. The figure shows the bonding structure of the materials, where the 
bonding force is the function of atomic distance and the bonding angle between adjacent 
atoms. The underlying relation between the mechanical property – Young’s modulus and the 
atomic bonding characteristics can be found in our previous work9.  
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Figure 8. Partial charge density of monolayer PdS2 (a), PdSe2 (b) and PtSe2 (c) unit cells. The isosurface value 
was taken as 0.05 /. 
 
Young’s modulus of all three materials (YPdS2, YPdSe2, and YPtSe2) can be calculated using the 
ab initio methods in the a and b direction25. We used strain-stress method to calculate the 
Young’s modulus and have taken the value in a very small range of strain values, as the 
strain-stress relation can be assumed to be linear in small deformations. According to the 
mechanical theory
45
, linear strain-stress relation is exhibited in the small deformation (strain) 
range. The linear relation indicates that the material is operated in the elastic region and that 
the monolayer PdS2, PdSe2 and PtSe2 are very ductile materials. Large deformation causes 
nonlinearity of the strain-stress relation and ultra-large deformation sometimes leads to 
plastic deformation or fracture. We can obtain the corresponding elastic modulus from the 
linear region to the stress-strain curve. In the strain-stress method, the stress () and strain () 
tensors are always symmetric 33 matrices, and they can be written in the form of 6-vectors, 
using the Voigt natation
46
: 
                                                            ,  ,  , , ,                                                      (1) 
                                                                   ,  ,  , 2, 2 , 2                                                (2) 
The linear response of the stress vector to a given strain vector can then be written as: 
                                                                            	   ∙                                                                           (3) 
where the symmetric 66 matrix C contains the elastic constants: 
                                              

  
!
      
0 0 00 0 00 0 00 0 00 0 00 0 0
"" 0 00 "" 00 0 ""#
$$
%
                                           (4) 
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To obtain the elastic constants, one should apply small deformation to the simulated cell along 
selected strain vectors and calculate the resulting stress vectors. The Young’s modulus (Y) can then be 
calculated by: 
                                                                      &  '(() *'((+,                                                                      (5) 
Under large deformations, mechanical nonlinearity causes significant change of the Young’s 
modulus (result will be much smaller if the material exhibits spring softening effect in large 
strain values). Calculated results in Figure 9 shows that the stress-strain curve first of all 
demonstrates a nonlinear performance, meaning the Young's modulus has a slightly reducing 
trend, representing the material softening property. In Figure 9, stress-strain curve shows a 
linear trend in a small strain region (linear region), the Young’s modulus for three materials 
are calculated and shown in Figure 9. It shows YPdS2>YPtSe2>YPdSe2 along the a direction and 
YPdS2>YPdSe2>YPtSe2 along the b direction. We calculated a wider range stress-strain relation for 
obtaining the Young’s modulus in Figure. S1(in the Supporting Information). As the applied 
strain increases (|∆| . 10%), the calculated stress-strain behaviors become nonlinear and 
fluctuation. Based on the calculated stress-strain curve along, it appears that the monolayer 
TW2 are more stable under the tensile strains when the strain is within 10%. Comparing the 
Young’s modulus of PdS2 in this work and reference
34
, the results have significant difference, 
which because that we used strain-stress method to calculate the Young’s modulus and 
conducted the calculation in a very small range of strain values, as the strain-stress relation 
can be assumed to be linear in small deformations. Under large deformations, mechanical 
nonlinearity causes significant change of the Young’s modulus (result will be much smaller if 
the material exhibits spring softening effect in large strain values).  
 
Figure 9. The strain-stress relation of monolayer PdS2, PdSe2 and PtSe2 in the a (a) and b (b) direction. 
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3.3 Optical properties 
The change of bandgap affects the optoelectronic properties of the monolayer PdS2, PdSe2 
and PtSe2. We calculated the optical properties of these materials under the biaxial strains. By 
using the Kubo-Greenwood formula, the susceptibility tensor has the form as46: 
123(4)   56ℏ896:;<=6∑ ?(@A)*?(@B)@BA*ℏ=*2C DE92 D9E3E9                    (6) 
where e, ℏ and  are the elementary charge, reduced Planck constant and  vacuum dielectric 
constant. DE92  is the i-th component of the dipole matrix element between state n and m. Em, 
En and Enm are the energy level at m, n and between state n and m. V, Γ and f are the volume, 
broadening and Fermi function, respectively. The relative dielectric constant (G) are related 
to the susceptibility as: 
                      G(4)  (1 + 1(4))                                     (7) 
The  and   are the real and imaginary parts of the complex dielectric constant. Figure 
shows the simulated  and 	spectrums versus energy for various strains on the monolayer 
PdS2, PdSe2 and PtSe2. The bold black lines in Figure 10 are the spectrums without strain. In 
general trend, the peak of the complex dielectric constant red-shifts (longer wavelength) 
towards lower energy with increasing compressive and tensile strains. To understand the 
origin of the red-shift of the above optical characteristics, we take a close look at the strain-
dependent band structures for various strain values in Figure 3. Upon increasing the tensile 
strain, the CBM decreases and VBM increases. With the decrease of the band gap of the 
monolayer TW2, the peak wavelengths of the  and  reduce (red-shifted). Moreover, it is 
clear from the Figure 10 that the real part of the static dielectric constant (0) (points at 0 of 
the energy axis) have certain values, and then it increases when the absolute value of the 
strain increases for all materials. This trend is opposite to the evolution of the bandgap 
because the framework of Penn's model expression for semiconductors33, (0) ≈ 1 +
(ℏ4J KL⁄ ) in which static dielectric constant is inversely proportional to the band gap. It is 
clear that strain is an effective method to modulate the optical properties of the monolayer 
PdS2, PdSe2 and PtSe2. The results explicitly show that PdS2 is the best material for 
tunability, as it displays a steady shift from higher energy to lower energy under tensile 
strains (Figures 10a and 10b). 
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Figure 10. The real () and imaginary () parts of the complex dielectric constant of the monolayer PdS2 (a, b), 
PdSe2 (c, d) and PtSe2 (e, f) under applied biaxial strains. 
4 Conclusion 
In this paper, the first-principles method has been used to study the band structures, Young’s 
modulus and complex dielectric constant of the monolayer PdS2, PdSe2 and PtSe2. Hexagonal 
and orthorhombic cells of three materials have been constructed and calculated when a 
mechanical strain is applied, which varies in both the direction and magnitude.  It is revealed 
that these materials especially PdS2 and PdSe2 have unique anisotropy structures (Figure. S2 
and S3 in the Supporting Information). The biaxial strains affect the band structure properties 
more significantly than the uniaxial strains. In the stress-strain study, it has been simulated 
that the Young's modulus of these three materials has the relation of YPdS2>YPtSe2>YPdSe2 along 
the a direction and YPdS2>YPdSe2>YPtSe2 along the b direction. For the optical properties, the 
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peaks of the real and imaginary parts of the complex dielectric constant red-shift towards 
lower energy; and (0) monotonously increases with the increasing compressive and tensile 
strains. Comparing the strain tunable electronic and optical properties, the monolayer PdS2 
exhibits excellent electronic and optical tunability from 0 to 10% tensile deformation. First, 
upon applying the tensile strains, the bandgap of the monolayer PdS2 decreases 
approximately linearly (Figures 2b, 2d, 2f) and the strain tunability are -0.07 eV, -0.08 eV and 
-0.14 eV for 1% deformation with uniaxial a, b and symmetrical biaxial tensile strains. 
Second, the peak of dielectric constant curve demonstrates a stable red-shift (Figures 10a, 
10b) under the symmetrical biaxial tensile strains. The strain tunability are -0.11 eV and -0.09 
eV for 1% deformation with real and imaginary parts of the complex dielectric constant. The 
monolayer PdS2 excellent electronic and optical tunability make it a compelling candidate for 
high sensitivity optical sensors. 
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